The effect of hydrotropes such as sodium salicylate, sodium benzoate, and nicotinamide on the solubility and mass transfer coeffi cient of benzoic acid has been investigated. The solubility studies were carried out under a wide range of hydrotrope concentrations (0 to 3.0 mol/L) and different system temperatures (303K to 333K). It has been observed that the solubility and mass transfer coeffi cient of benzoic acid increases with an increase in hydrotrope concentration and also with system temperature. A Minimum Hydrotrope Concentration (MHC) was found essential to initiate a signifi cant increase in the solubility and the mass transfer coeffi cient. The maximum enhancement factor (φ s ), which is the ratio of the solubility value in the presence and absence of a hydrotrope, has been determined for all sets of experimentations. The solubility of benzoic acid has been enhanced to 19.98 times in the presence of 2.5 mol/L concentration of sodium salicylate hydrotrope at 333K.The effectiveness of hydrotropes was measured in terms of Setschenow constant K s and the highest value has been observed as 0.502 for sodium salicylate.
INTRODUCTION
Hydrotropy is a unique and unprecedented solubilization technique in which certain chemical compounds termed as hydrotropes can be used to effect a several fold increase in the solubility of sparingly soluble solutes under normal conditions 1 . This increase in solubility in water is probably due to the formation of organized assemblies of hydrotrope molecules at critical concentrations 2, 3 . Hydrotropes are water-soluble and surface-active compounds, which can signifi cantly enhance the solubility of organic compounds, drugs, biochemicals and petro-products
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. The solubility enhancement in the organic compounds could be due to the formation of molecular structures in the form of complexes. Easy recovery of dissolved solute and possible reuse of hydrotrope solutions makes this technique most attractive one particularly at industrial levels
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. Besides the advantage of certain properties such as the solvent character being independent of pH, non--fl ammability, easy availability of hydrotropes, inexpensive aqueous phase makes this method superior to other solubilization methods. Hydrotropy is a process which goes beyond other conventional solubilization methods such as miscibility, co-solvency, salting-in etc., since it offers high selectivity and unprecedented increase in solubility and mass transfer coeffi cient 12, 13 . The problem of emulsifi cation, which is normally encountered with surfactant solution, is not found with hydrotrope solution 14,15 . The effect of hydrotropes on the solubility and mass transfer coeffi cient for a series of organic compounds such as butyl acetate, ethyl benzoate, amyl acetate, methyl salicylate, benzyl acetate, salicylic acid, stearic acid and p-nitrobenzoic acid was studied in our earlier publications
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. The poor solubility of many organic compounds in water is a major limiting factor in the development of chemical and pharmaceutical industry. Benzoic acid is one such organic compound which has low aqueous solubility but it has wide pharmaceutical and industrial applications. Benzoic acid and its derivatives are widely used in preservation of foods and fruit juices besides being used as an important component in the preparations of resins, plasticizers, dyes, inks, and pharmaceutical products 23, 24 . Benzoic acid occurs naturally in many herbs, resins and even it is detected in animals 25 . Recent studies towards this direction show that various organic solvents and water at subcritical condition are used to increase the solubility of benzoic acid but their applications are limited either due to high operating cost and non-environment friendly solvents [26] [27] [28] . It has been observed that in many two-phase reaction systems involving a sparingly soluble organic compound like benzoic acid, the mass transfer coeffi cient was found to be very low solely due to the poor solubility of benzoic acid in the aqueous phase. Since benzoic acid serves as a raw material/intermediate for a wide variety of chemical, pharmaceutical and allied products and the separation of benzoic acid from any liquid mixture seems to be diffi cult, this hydrotropic technique can be adapted to increase the solubility as well as to separate such mixtures effectively.
EXPERIMENTAL
All the chemicals used in this work were procured from Himedia Chemicals, Mumbai (AR grade) with a manufacturer's stated purity of 99%. Distilled water was used throughout the experiments for preparing various concentrations of hydrotrope solutions. For each solubility test, an excess amount of benzoic acid was added to the hydrotrope solution of a known concentration in the separating funnel placed in the thermostatic bath fi tted with temperature controller capable of maintaining temperature within +0.1°C. The separating funnel was sealed to avoid evaporation of the solvent at higher temperatures. The setup was kept overnight for equilibration. After equilibrium was attained, the solution was fi ltered using Whatman fi lter paper to remove the excess of the undissolved benzoic acid. The concentration of the dissolved organic acid in aqueous hydrotrope solutions was analyzed by titrating against the standardized sodium hydroxide solution using phenolphthalein solution as an indicator. Blank titration was carried out and necessary correction was done to calculate the dissolved organic acid in aqueous hydrotrope solutions. All the solubility experiments were conducted in duplicate to check the reproducibility. The observed error in the reproducibility of experimental results was less than 2%.
The experimental setup for the determination of the mass transfer coeffi cient consisted of a vessel provided with baffl es and a turbine impeller run by a motor to agitate the mixture. The vessel used for mass transfer studies is of height 40 cm and inner diameter 15 cm. The turbine impeller diameter is 5 cm, the width is 1 cm, and the length is 1.2 cm. It has four blades. The baffl e is 40 cm high with a diameter of 1.5 cm. It has four blades and rotates at 600 rpm.
For each run, to measure the mass transfer coeffi cient, an excess amount of benzoic acid was added to the aqueous solution of the hydrotrope of known concentration. The sample was then agitated for a known time of 600, 1200, 1800 and 2400 seconds. After the end of fi xed time t, the mixture was allowed to stand for some time. Then the solution was fi ltered from the remaining solid. The concentration of the solubilized organic acid in aqueous hydrotrope solutions at time t was analyzed in the same way as done for solubility determinations. A plot of -log [1 -C b /C*] versus t is drawn, where C b is the concentration of benzoic acid at time t and C* is the equilibrium solubility of benzoic acid at the same hydrotrope concentration. The slope of the graph gives k L a/2.303, from which k L a, the mass transfer coeffi cient was determined. Duplicate runs were made to check the reproducibility and the observed error was <2%.
The Scanning Electron Microscope (SEM) uses a beam of high energy electrons to generate a variety of signals at the surface of solid samples. The electron--sample interactions reveal information about the sample's surface topography. Signals produced by an SEM result from interactions of the electron beam with atoms at or near the surface of the sample. The relative narrower electron beam produced by SEM yields a characteristic three-dimensional appearance useful for investigating the surface of objects. The SEM is also capable of determining chemical composition, crystalline structure and crystal orientations. In the present study the samples of dried solubilized form of benzoic acid in water and benzoic acid in aqueous sodium salicylate solutions were examined by scanning electron microscopy at an accelerating voltage of 15kV, using Hitachi VP-SEM S-3400 model.
RESULTS AND DISCUSSION

Solubility
The solubility of benzoic acid in water at 303K is 3.21 x 10 -2 mol/L, which is in excellent agreement with the earlier reported values
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. The experimental data representing the average of duplicate determinations on the effect of hydrotropes, i.e., sodium salicylate, sodium benzoate and nicotinamide on the solubility of benzoic acid are plotted in Figs. 1 to 3 . It has been observed that the solubility of benzoic acid in water increases signifi cantly only after the addition of 0.50 mol/L of sodium salicylate in the aqueous solution. This concentration is referred to as the Minimum Hydrotrope Concentration (MHC) 32 . Therefore, it is evident that hydrotropy was operational above the MHC of, sodium salicylate (0.5 mol/L), sodium benzoate (0.40 mol/L) and nicotinamide (0.6 mol/L) irrespective of system temperature. This MHC value assumes greater signifi cance in the context of the recovery of benzoic acid from hydrotope solutions. Since hydrotropy appears to operate only at signifi cant concentrations of hydrotrope in water, most hydrotropic solutions release the dissolved benzoic acid on dilution with water below MHC. The knowledge of MHC values is necessary especially at industrial levels, as it ensures The solubilization effect varies with concentration of hydrotropes. In the present case, a clear increasing trend in the solubility of benzoic acid was observed above the MHC of sodium salicylate. This increasing trend is maintained only up to a certain concentration of sodium salicylate in the aqueous solution, beyond which there is no appreciable increase in the solubility of benzoic acid. This concentration of sodium salicylate (hydrotrope) in the aqueous solution is referred to as the maximum hydrotrope concentration (C max ). From the analysis of the experimental data, it is observed that further increase in hydrotrope concentration beyond C max does not bring any appreciable increase in the solubility of benzoic acid even up to 3.00 mol/L of sodium salicylate in the aqueous solution. Similar to the MHC values, the C max values of hydrotropes also remained unaltered at increased system temperatures.
The knowledge of MHC and C max values of each hydrotrope with respect to a particular solute assumes greater signifi cance in this study since it indicates the beginning and saturation of the solubilization effect of hydrotropes. The values of MHC and C max of a hydrotrope with respect to benzoic acid may be useful in determining the recovery of the dissolved benzoic acid even to an extent of the calculated amount from hydrotrope solutions at any concentration between MHC and C max by simple dilution with distilled water. This is the unique advantage of the hydrotropic solubilization technique.
From the experimental data plotted in Fig. 1 , it can further be observed that, in order to achieve a particular solubility of benzoic acid say i.e., 20.0 x 10 -2 mol/L, it is required to maintain the concentration of sodium salicylate in the aqueous phase at 1.30 mol/L for a system temperature of 303K, 0.90 mol/L for 313K, 0.80 mol/L for 323K and 0.60 mol/L for 333K. Therefore when the system temperature is increased, a lesser amount of hydrotrope concentration is adequate to achieve any particular solubility of benzoic acid. A similar trend has been observed for other systems also. It has also been observed that the solubilization effect of sodium salicylate was not a linear function of the concentration of the sodium salicylate. The solubilization effect of sodium salicylate increases with increase in hydrotrope concentration and also with system temperature 33 . A similar trend has been observed in the solubilization effect of other hydrotropes namely sodium benzoate and nicotinamide. It has also been observed that the MHC values of hydrotrope used in this work range between 0.40 and 0.60 mol/L (Table 1) , which seem to depend on the hydrophilicity of a hydrotrope. As can be seen from Table 1 , C max values of sodium salicylate, sodium benzoate and nicotinamide are 2.50, 2.50 and 2.25 mol/L respectively. The maximum solubilization enhancement factor (φ s ), which is the ratio of solubility values in the presence and absence of a hydrotrope, ranges between 3.34 and 19.98. The lowest value of φ s (3.34) was observed in the presence of nicotinamide at a system temperature of 303 K. The highest value of φ s (19.98) has been observed in the case of sodium salicylate at a system temperature of 333K (Table 2) .
Mass transfer coeffi cient
The mass transfer coeffi cient of benzoic acid + water system in the absence of any hydrotrope was determined as 7.14 x 10 -4 s -1 at 303 K ( Table 3 ). The effect of different hydrotropes on the mass transfer coeffi cient of benzoic acid at different hydrotrope concentrations is also given in the same table. It can be seen that a threshold value of 0.50 mol/L is required to effect signifi cant enhancement in the mass transfer coeffi cient of benzoic acid + water system, as observed in the case of solubility determinations. The mass transfer coeffi cient of benzoic acid + water system increases with increase in sodium salicylate concentration. Beyond a C max of 2.50 mol/L there is no appreciable increase in the mass transfer coeffi cient of benzoic acid, as observed in the case of solubility determinations. The maximum enhancement factor for mass transfer coeffi cient of benzoic acid + water system in the presence of sodium salicylate was found to be 12.07 (Table 3) . A similar trend in the mass transfer coeffi cient enhancement (φ mtc ) of benzoic acid has been observed for other hydrotropes also namely sodium benzoate and nicotinamide. The reported mass transfer coeffi cient enhancement (φ mtc ) of benzoic acid of hydrotrope solutions are 12.07 for sodium salicylate, 7.76 for sodium benzoate and 5.16 for nicotinamide at their maximum hydrotrope concentrations. The highest value of φ mtc (12.07) has been observed in the presence of sodium salicylate as hydrotrope at C max of 2.50 mol/L.
Effectiveness of hydrotropes
The effectiveness factor of each hydrotrope with respect to benzoic acid at different system temperatures has been determined by analyzing the experimental solubility data for each case applying the model suggested by Setschenow 34 and later modifi ed by Gaikar and Pathak (1993) , as given by the equation
(1) Where S and S m are the solubility of benzoic acid at any hydrotrope concentration C s and the minimum hydrotrope concentration C m , respectively. The Setschenow constant K s can be considered as a measure of the effectiveness of a hydrotrope at any given conditions of hydrotrope concentration and system temperature. The Setschenow constant values of hydrotropes namely Table 2 . Maximum solubilization enhancement factor (φ s ) of benzoic acid sodium salicylate, sodium benzoate and nicotinamide for benzoic acid + water system at different system temperatures are listed in Table 4 . The highest value has been observed as 0.502 in the case of sodium salicylate as hydrotrope at 333 K. The order of effectiveness of various hydrotropes based on K s values is given by sodium salicylate > sodium benzoate > nicotinamide.
Microscopic studies
The SEM images of the dried solubilized product of benzoic acid in water and aqueous sodium salicylate solution are shown in Figure 4 and 5 respectively. It was observed from Fig. 4 that the shape of benzoic acid crystal was needle like structure with sharp edges with irregular pattern. But the particles of dried solubilized form of benzoic acid in aqueous sodium salicylate solution were spherical and it has uniform particle size (Fig. 5) . This clearly indicates that the benzoic acid has dissolved Table 4 . Setschenow Constant (K s ) of hydrotropes with respect to benzoic acid Table 3 . Effect of hydrotrope concentration (C) on the mass transfer coeffi cient (k L a) of benzoic acid at 303 K and recrystallized rather than just suspended. Thus the hydrotropy has enabled proper dissolution of benzoic acid.
CONCLUSIONS
The solubility of benzoic acid, which is slightly soluble in water, has been increased to a maximum value of 121.50 x 10 -2 mol/L at 333 K with an enhancement factor of 19.98 times in the presence of sodium salicylate (2.5 mol/L) as hydrotrope. The mass transfer coeffi cient was also found to increase to a maximum value of 86.21 x 10 -4 s -1 at 303 K and with an enhancement factor of 12.07 times in the presence of sodium salicylate (2.5 mol/L) as hydrotrope. This would be useful in increasing the rate of an output of the desired product made from benzoic acid. The MHC and C max values of the hydrotrope with respect to benzoic acid can be used for the recovery of the dissolved benzoic acid and hydrotrope solutions at any hydrotrope concentration between the MHC and C max by simple dilution with distilled water. This will eliminate the huge cost and energy normally involved in the separation of the solubilized benzoic acid from its solution. The unprecedented increase in the solubilizing effect of hydrotropes is attributed to the formation of organized aggregates of hydrotrope molecules at a particular concentration.
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